RecQ helicases unwind remarkably diverse DNA structures as key components of many cellular processes. How RecQ enzymes accommodate different substrates in a unified mechanism that couples ATP hydrolysis to DNA unwinding is unknown. Here, the X-ray crystal structure of the Cronobacter sakazakii RecQ catalytic core domain bound to duplex DNA with a 3′ single-stranded extension identifies two DNA-dependent conformational rearrangements: a winged-helix domain pivots ∼90°to close onto duplex DNA, and a conserved aromatic-rich loop is remodeled to bind ssDNA. These changes coincide with a restructuring of the RecQ ATPase active site that positions catalytic residues for ATP hydrolysis. Complex formation also induces a tight bend in the DNA and melts a portion of the duplex. This bending, coupled with translocation, could provide RecQ with a mechanism for unwinding duplex and other DNA structures.
H elicases are motor proteins that convert the chemical energy of nucleoside triphosphate (NTP) hydrolysis into the mechanical energy needed to separate nucleic acid strands (1) . The largest and most diverse helicase superfamilies, SF1 and SF2, use conserved sequence motifs (I, Ia, II-VI) within their helicase domains to couple NTP hydrolysis to conformational changes that mediate DNA translocation and unwinding (1, 2) . Although the DNA-unwinding mechanisms of SF1 helicases have been examined extensively, far less is known about SF2 enzymes, in part because of the smaller number of available helicase/substrate complex structures.
RecQ DNA helicases are SF2 enzymes with broad roles in promoting genomic stability in eubacterial and eukaryotic species (3) . Their importance is underscored by the multiple genomic instability diseases caused by mutations in human recQ genes (4) (5) (6) (7) (8) . At a structural level, most RecQ helicases share a similar domain architecture that includes a helicase domain, a RecQ C-terminal (RQC) element comprised of Zn 2+ -binding and winged-helix (WH) domains, and a helicase and RNaseD C-terminal (HDRC) domain ( Fig. 1A) (9, 10) . The helicase and RQC domains combine to form a catalytic core that is sufficient for DNA-unwinding activity in many RecQ proteins. Crystal structures of several RecQ catalytic cores have been determined, including Escherichia coli RecQ (EcRecQ), human RecQ1, and human Bloom syndrome protein (BLM) [refs. 10-12 and unpublished structures (4CDG, 2WWY, and 4CGZ) available through the Protein Data Bank (PDB)]. A comparison of these structures reveals strong similarities among domains within the catalytic core but also differences in the relative positioning of these domains among RecQ proteins. The EcRecQ and antibody-bound BLM structures form an open arrangement in which the WH domain is centered relative to the helicase and Zn
2+
-binding domains, but in RecQ1 and DNA-bound BLM a closed arrangement is observed with the WH domain positioned laterally to the helicase domain ( Fig. 1B and Fig. S1 ) (10) (11) (12) . The functional relevance of the open and closed arrangements is unknown.
Although several RecQ structures have been defined, insights into the mechanisms by which this important helicase family recognizes and unwinds DNA substrates have been hampered by limitations in reported RecQ/DNA complex structures. One outstanding question is how RecQ enzymes can unwind diverse DNA substrates. Most RecQ enzymes, including EcRecQ, unwind a very broad array of substrates that include duplex, triplex, quadruplex, and branched DNA (3) . Human RecQ1, which unwinds Holliday junction but not triplex or quadruplex DNA, is a rare exception in its narrow substrate specificity (13) . The mechanisms that confer functional diversity in most, but not all, RecQ enzymes remain unknown. A second question is how RecQ enzymes couple DNA binding with DNA-dependent ATPase functions. A chemo-mechanical coupling element called the "aromatic-rich loop" (ARL) is encoded C-terminal to motif II in RecQ proteins (10, 14) , but how DNA binding at the ARL is linked to ATPase functions is unclear because current RecQ/ DNA structures have not resolved the DNA/ARL interface. ARL-coupling elements have been examined in several SF1 helicases, but they map to different positions within the helicase domain and rely on structural features that are not found in RecQ enzymes (15) (16) (17) (18) (19) (20) (21) , leaving their mechanistic similarity with ARLs in RecQ enzymes unclear. A third puzzling feature of RecQs is their varied use of a WH domain β-hairpin in DNA unwinding. In eukaryotic RecQ helicases, this β-hairpin projects away from the WH domain, forming a wedge that appears to separate DNA strands (11, 12, 22) . However, the equivalent β-hairpin in EcRecQ is much shorter and is dispensable for helicase activity (10, 11) , indicating that the bacterial and human RecQ proteins use different strand-separation mechanisms. This finding is even more surprising given that putative wedge elements have been identified in all other SF1 and SF2 DNA helicases of known structure (23) . Understanding how bacterial RecQs function without a wedge element could offer new insights into the mechanisms by which helicases can unwind DNA.
Significance
RecQ DNA helicases catalyze critical genome maintenance reactions in nearly all organisms. This study describes the crystal structure of a bacterial RecQ helicase bound in a productive complex with DNA. Together with biochemical experiments, the structure reveals a conserved coupling mechanism that links DNA binding to ATP hydrolysis in RecQ enzymes. These findings also help explain how structural dynamics could facilitate RecQ's noted ability to process diverse DNA substrates. A model explaining the physical basis for RecQ substrate binding and unwinding is proposed.
In this report, the structure of a bacterial RecQ catalytic core bound to duplex DNA with a 3′ single-stranded extension provides insights into physical mechanisms of RecQ enzymes. DNA binding induces a rearrangement of the RecQ catalytic core in which the WH pivots ∼90°from an open to a closed conformation to secure duplex DNA against a surface of the helicase domain. Flexibility in the WH domain position could provide the structural plasticity needed for RecQ to accommodate diverse substrates in its DNA-binding site. A second conformational change remodels the ARL to allow ssDNA binding. This DNA-dependent conformational shift triggers reorganization of the ATP-binding pocket in a manner that positions active-site residues for catalysis, explaining how the ARL couples DNA binding and ATPase activities in RecQ enzymes. The DNA within the complex is bent at a 90°angle at the unwinding junction, and this sharp bend could explain the ability of bacterial RecQs to unwind DNA without the use of a wedge.
Results X-Ray Crystal Structure of the RecQ/DNA Complex. A screen of bacterial RecQ/DNA complexes yielded diffraction-quality crystals of the catalytic core domain of Cronobacter sakazakii RecQ (CsRecQ, 86% identical to EcRecQ) bound to a hairpin DNA comprised of a 10-bp duplex region flanked by a four-base hairpin sequence (GTAA) on one end and a 10-base 3′ extension on the other. The 2.4-Å resolution CsRecQ/DNA complex structure was determined by molecular replacement using the EcRecQ catalytic core structure (10) as a search model (Fig. 1C and Table S1 ). The asymmetric unit contained a single DNA-bound CsRecQ catalytic core monomer in which residues 4-514 of the helicase and nucleotides 3-11 and 14-33 of the hairpin DNA were resolved. The DNA-binding surface of CsRecQ was highly electropositive and was well conserved among RecQ proteins, especially within the ssDNA-binding region (Fig. S2) .
The RecQ WH Domain Closes to Bind Duplex DNA. The CsRecQ/DNA domain arrangement differed significantly from EcRecQ. In contrast to the open conformation of the EcRecQ structure in which the WH domain was centered relative to the helicase and Zn
2+
-binding domains (10) , the DNA-bound CsRecQ catalytic core was in a closed state with the WH domain positioned laterally to these domains ( Fig. 2A) . To test whether the WH domain of the free CsRecQ catalytic core is in an open position, similar to that of the EcRecQ catalytic core structure, smallangle X-ray scattering (SAXS) was used to determine the lowresolution shape of the CsRecQ catalytic core domain in the absence of DNA. The open RecQ form fits the SAXS-derived molecular envelope with a χ 2 value of 1.50, whereas the closed form fits more poorly (χ 2 = 1.99). The calculated radius of gyration (R g ) for the open form (25.1 Å) also is more consistent with the experimentally determined value for apo CsRecQ (25.3 ± 0.2 Å) than is the closed form (27.0 Å). These data show that the CsRecQ catalytic core exists in an open state in the absence of DNA and that the WH domain pivots to close onto DNA upon complex formation ( Fig. 2A and Movie S1).
The CsRecQ WH domain structure closely resembled those from other RecQ proteins [Werner syndrome protein (WRN), RecQ1, and BLM; rmsds of 1.8 Å, 2.3 Å, and 2.5 Å, respectively], and it bound DNA using the same overall surface (Fig. 2B) (11, 12, 22) . Loops from the WH domain (residues 432-434 and 441-446) and His489 from the WH β-hairpin contacted the phosphodiester backbone on either side of the DNA major groove ( Fig. 2B and Figs. S3 and S4). This interface does not rely on sequence-specific major groove interactions to bind duplex DNA, as has been observed in many other WH domains (24); instead, interactions are made exclusively with the DNA backbone. Because previous studies have shown that non-duplex-folded (e.g., quadruplex) DNA structures compete with duplex structures for binding to a single site in the EcRecQ WH domain (25) , the backbone-binding arrangement observed here most likely is used to bind other structures as well. Indeed, triplex and quadruplex DNAs appear to dock onto the WH DNA-binding surface with good steric and electrostatic complementarity (Fig. S4 ). The helicase domain also contacted the duplex, with interactions formed between residues 220-225 and the phosphodiester backbone. As was anticipated from biochemical experiments (11), the β-hairpin wedge found in human RecQ proteins (11, 12, 22, 26) was shorter in CsRecQ and made only limited contacts with the DNA, and no other wedge element was observed (Fig. 2B) .
Electron density for the double-stranded portion of the crystallized DNA was notably poorer than for the ssDNA region (Fig. S4) . Accordingly, the refined temperature factors for atoms within the duplex region were higher than those for ssDNA. The same parameters also were weaker for the WH domain relative to the rest of the RecQ catalytic core. These differences suggest that the WH domain and dsDNA could be more structurally dynamic than the remainder of the complex. This feature, combined with the noted DNA-binding promiscuity of the WH domain (25) , could provide RecQ helicases with the structural tolerance required to bind diverse DNA structures (Discussion).
ssDNA Binding Alters the Structure of the RecQ ARL and the ATPase Active Site. As part of a mixed electropositive/hydrophobic ssDNAbinding groove on CsRecQ, the ARL undergoes a major rearrangement to bind ssDNA (Fig. 3 A-C and Movie S2). The side chains of Phe158 and Arg159 move ∼10 Å and ∼5 Å, respectively, to contact ssDNA directly, with the Phe158 side chain flipping to base stack with the DNA. The DNA-bound ARL conformation also was stabilized by the formation of new intramolecular bonds (His149/Gln322, His156/Asp191, and Arg159/ Glu124). Formation of the His156/Asp191 interaction required His156 to move ∼15 Å from its position in apo EcRecQ. In addition to ARL/ssDNA contacts, several other RecQ residues interacted with ssDNA ( Fig. 3 A and B and Fig. S3 ). Arg315 contacted the base of G24, and Ser97, Arg125, Arg246, Arg275, and Thr293 contacted the phosphodiester backbone. Ser97 and Arg125 make the 3′-most ssDNA contacts as the DNA peels away from the helicase domain. All these residues are highly conserved among bacterial RecQs.
Beyond its direct binding role, DNA-dependent reorientation of the ARL was accompanied by two structural changes within the ATP-binding pocket: Motif II shifted toward the ATPbinding site and a new motif II/motif VI interaction was formed ( Fig. 3C and Fig. S5 ). The first change caused the carboxyl group of Glu147 from motif II, the presumed general base for ATP hydrolysis, to close to within ∼5.5 Å of the binding site for the gamma phosphate of ATP. This distance contrasts with the 7.1-Å distance observed in the ATPγS-bound EcRecQ structure (Fig.  3C) (10) . The second change formed a new interaction between His149 of motif II and Gln322 of motif VI, establishing a connection between the two lobes of the helicase domain. In apo EcRecQ, Gln322 points toward the ATP-binding site, whereas in the ATPγS-bound EcRecQ structure Gln322 binds to His156 of the ARL (10). Upon DNA binding, however, the altered ARL conformation displaces His156 away from Gln322 and aligns His149 with Gln322 (Fig. 3C ). These observations thus reveal changes in the ATPase active site that could help link DNA binding and ATPase functions in RecQ.
Structure of DNA in the Binary Complex. Examination of the CsRecQ/ DNA structure provided several insights into the consequences of complex formation for the DNA. First, the duplex portion of the DNA was roughly B-form, but it included only 8 of the 10 anticipated base pairs along with a sheared G-A base pair formed between G11 and A14 of the hairpin [the G-A base pair was anticipated from previous studies of the GTAA hairpin structure (27)]. This finding indicates that, even in the absence of ATP, the energy of binding to the CsRecQ catalytic core was sufficient to unwind two base pairs at the ss/ds junction. Next, the C23 and G24 bases, which would be paired with G2 and C1 in the absence of RecQ, are in an ∼90°turn at the ss/ds junction. EcRecQ and CsRecQ catalytic core structures are colored as in B, and the region around Gln322 was used to align the structures. In the free state, the side chain of Gln322 (pink) is oriented toward the empty ATP-binding site, whereas in the ATPγS-bound structure, Gln322 (purple) rotates to interact with His156 (10). In the DNA-bound state, Gln322 (blue) forms a new interaction with His149 of motif II, and His156 interacts with Asp191. Distances between Glu322 and His156 or His149 and between the carboxyl group of Glu147 and the gamma phosphate position observed in the EcRecQ/ATPγS (10) structure are shown. (D) Cartoon schematic of the RecQ DNA-binding and -translocation/ unwinding mechanism. DNA binding (first step) induces changes described in the presented structure; key residues with roles in DNA binding and/or unwinding are depicted as black lines. Subsequent steps linking ATPase activities to domain movements involved in translocation are based on inchworm models from SF1 and SF2 helicases (20, 21, 33, 44) . An ssDNA base is boxed to demonstrate its movement during translocation.
Finally, bases 24-26 stack together and are pointed into a pocket formed at the interface between the helicase domain and the Zn 2+ -binding platform (Fig. 3A) . This stacking is capped by interaction between T26 and Phe158 from the ARL. The ssDNA bases 3′ of Phe158 are oriented away from the protein, and the remaining interactions are made with the phosphodiester backbone. The 3′ ssDNA end extends to an adjacent symmetrically related molecule within the crystal lattice, and the A32 base docks into the ATP active site at the position that ordinarily would bind the base in ATP (Fig. S6) . This interaction appears to facilitate crystal packing because crystallization attempts with DNA containing shorter ssDNA or in which A32 is altered to thymine failed to produce crystals.
Mutational Analysis of Individual Residues in EcRecQ. To determine the roles of interactions identified in the CsRecQ/DNA structure, variants of full-length EcRecQ with single alanine substitutions were purified, and their activities were measured in DNA-binding, ATPase, and DNA helicase assays. The variants were designed to disrupt interactions that appeared to stabilize the DNA-bound ARL conformation (Glu124Ala, His156Ala, and Asp191Ala), facilitate communication between the helicase lobes (His149Ala and Gln322Ala), bind ssDNA (Ser97Ala, Arg125Ala, Arg246Ala, Arg275Ala, Thr293Ala, Arg315Ala, and Trp347Ala), and bind dsDNA (Arg446Ala). The data were further correlated with a previous study examining EcRecQ ARL variants (Trp154Leu, Phe158Leu, and Arg159Leu) (14) .
A fluorescence anisotropy assay was used to assess the equilibrium DNA-binding properties of the EcRecQ variants. RecQ concentration-dependent changes in fluorescence anisotropy were measured for a helicase substrate (F-3′overhang) comprised of a fluorescein-labeled 18-bp duplex DNA flanked by a 12-base 3′ ssDNA extension (Table 1) . Wild-type EcRecQ binds the F-3′overhang substrate with an apparent dissociation constant (K d, app ) of 1.3 ± 0.2 nM. Most of the variants differed by less than onefold in K d, app , indicating that the altered residues did not reduce DNA-binding affinity and that the variants were properly folded. However, two variants, Thr293Ala and Arg246Ala, had measurable DNA-binding defects (K d, app values = 4.1 ± 0.4 nM and >50 nM, respectively). The side chains from both of these residues were within 3 Å of the phosphodiester backbone of ssDNA at the ss/ds junction in the CsRecQ/DNA structure (Fig. 3) , highlighting the importance of this region in stabilizing the RecQ/ DNA complex.
The DNA-dependent ATPase activities of the EcRecQ variants were measured using a coupled spectrophotometric ATPase assay (Table 1) (14) . In the absence of DNA, wild-type EcRecQ had a very weak ATPase activity (k min ∼6·min −1 ) that was stimulated >200-fold by the addition of dT 28 (k max 1,430 ± 30·min −1 ). A dT 28 concentration of 9.1 ± 0.8 nM was required for 50% maximal stimulation. Two of the variants (His156Ala and Asp191Ala) had elevated ATPase activity in the absence of DNA (k min 42.0 ± 5.4·min −1 and 56.8 ± 1.9·min −1 , respectively), which was similar to that observed for another ARL variant [Phe158Leu EcRecQ, k min = 90·min −1 (14) ]. Thus, multiple residues that help stabilize the DNA-bound ARL conformation appear to be important for limiting ATP hydrolysis in the absence of DNA.
The Gln322Ala variant was nearly devoid of ATPase activity even in the presence of DNA (k max 5.2 ± 0.1·min
−1
). Interestingly, changing His149 (which interacts with Gln322 in the DNAbound structure) to Ala also resulted in a reduced DNA-stimulated ATPase rate (k max 311 ± 7.6·min ), although the magnitude of the reduction was much less than that of the Gln322Ala variant. These data are consistent with a major catalytic role for Gln322 and a more minor role for His149 in supporting RecQ ATPase activity (Discussion).
The remaining EcRecQ variants had differences in DNAdependent ATPase activities that correlated well with DNA-binding roles for each residue derived from the CsRecQ/ DNA structure. Two variants (Arg246Ala and Arg275Ala) required much higher concentrations of dT 28 for ATPase stimulation (11-and 14-fold higher K 1/2 ) than wild-type EcRecQ and had reduced (threefold lower) k max values. A third variant, Thr293Ala, also had a similarly elevated K 1/2 but had a far greater decrease in its k max value (17-fold lower), which could be linked to a role for the residue in translocation (Discussion). Other predicted DNA-binding variants (Arg125Ala, Arg315Ala, Trp347Ala, and Arg446Ala) displayed more modest defects, with two-to fourfold higher K 1/2 values. Overall, these data are consistent with roles for several RecQ residues in DNA binding and highlight the particular importance of residues in the second helicase lobe (Arg246, Arg275, and Thr293) that contact ssDNA adjacent to the ss/dsDNA junction.
Finally, EcRecQ-variant helicase activities were tested using a substrate similar to F-3′overhang in a fluorescence-based assay (Table 1 and Fig. S7 ). The Glu124Ala variant lacked helicase activity; the absence of helicase activity was surprising, given the variant's nearly wild-type ATPase levels. However, a similar pattern also had been observed previously for an Arg159Leu EcRecQ variant (14) , and Glu124 and Arg159 interact in the DNA-bound structure, indicating the importance of this interaction for stabilizing the ARL during DNA unwinding. Gln322Ala was unable to unwind DNA, whereas His149Ala had nearly wildtype activity, paralleling the DNA-dependent ATPase activities of the variants. Two variants with proposed roles in translocation (Discussion), Arg125Ala and Thr293Ala, failed to unwind the substrate. Arg246Ala, which alters a residue that cooperates with Thr293 in ssDNA binding, also required ∼30-fold higher enzyme concentrations for half-maximal unwinding and unwound only 42% of the substrate. When combined with the CsRecQ/DNA structure, these data define molecular features that are critical for RecQ biochemical functions.
Discussion
RecQ enzymes are SF2 DNA helicases with central genome maintenance roles in organisms ranging from bacteria to humans (3) . Although the domain architectures of several RecQ proteins have been defined, insights into the mechanisms of substrate recognition and unwinding by this important helicase family have been hampered by the limitations of reported RecQ/DNA complex structures. The structural and biochemical studies described here have identified DNA-dependent conformational changes that are essential for RecQ motor functions and provide an explanation for the unusual ability of RecQ to unwind diverse substrates. Moreover, the effect of RecQ on the conformation of bound DNA presents a possible helicase mechanism that relies on DNA bending to drive unwinding.
The largest DNA-dependent movement observed in CsRecQ was a 90°rotation of the WH domain that secures dsDNA against the helicase domain ( Figs. 1 and 2 and Movie S1). This closed CsRecQ WH domain position is very similar to that observed in the structure of BLM/DNA (12) and RecQ1/DNA (2WWY, structure available through PDB), suggesting that the domain arrangement is conserved within the RecQ family. Similar DNA-dependent domain movements that help to grip duplex DNA have been observed in SF1 enzymes as well (20, 21) . Interestingly, although the CsRecQ and BLM WH domain positions are dependent on DNA binding, the RecQ1 WH domain is fixed in a closed state regardless of whether DNA is bound (Fig. 2 and Fig. S1 ) (10) (11) (12) . The structure-specific DNA-unwinding properties of these enzymes also vary: BLM and EcRecQ process diverse DNA structures, including duplex, triplex, and quadruplex DNA, but RecQ1 is far more restricted, unwinding only duplex and Holliday junction DNA (13, (28) (29) (30) (31) . This parallel suggests a model in which WH domain dynamics in BLM and bacterial RecQs could allow the flexibility needed to accommodate diverse DNA substrates, whereas the fixed position of the WH domain in RecQ1 limits its activity to a narrower range of substrates. This model further suggests that additional RecQ family members, such as WRN, that also can unwind diverse DNA structures (31, 32) would have dynamic WH domains as well.
Examination of the CsRecQ/DNA complex also showed that ssDNA binding restructures the ARL in a manner that is coupled with two changes in the ATPase active site. The first change causes the carboxyl group of Glu147 from motif II, the presumed general base used in ATP hydrolysis, to close to within 5.5 Å of the binding site for the gamma phosphate of ATP (Fig. 3C) . Given that this closure correlates well with distances observed in structures of SF2 hepatitis C virus helicase NS3/nucleic acid complexes bound to ATPase transition state mimics (5.0-5.5 Å) (33, 34) , this change could be critical for activating RecQ ATPase function in response to DNA binding. The second change alters the position of Gln322 (motif VI), shifting it away from His156 of the ARL and toward His149 of motif II. Similar motif II/VI interactions have been found to be important for coupling DNA binding with ATPase activity in other SF2 helicases (33, (35) (36) (37) . In particular, this shift parallels that of a Gln from motif VI in NS3 helicase that also has conformations that alternate in a nucleotide-and nucleic acid-dependent manner (33, 35, 38) . The primary role for the Gln in NS3 appears to be in positioning a water molecule for deprotonation by the general base (motif II Glu); the loss of ATPase and helicase functions in the Gln322Ala variant are consistent with a similar role for Gln322 in RecQ.
A coupling model emerges from these observations in which ssDNA binding to the ARL allosterically remodels the ATPase site to create a catalytically competent state. Placement of the RecQ ARL directly C-terminal to motif II allows a direct link between DNA binding and the observed active-site remodeling. In particular, when the Phe158 side chain flips to base stack with ssDNA, the remainder of the ARL is remodeled in a coordinated fashion that pushes the helix supporting motif II closer to the ATPase active site (Fig. 3 B and C and Fig. S5 ). The same helix motion also aligns His149 with Gln322 to create the motif II-VI linkage described above. Interestingly, nucleic acid-dependent ATPase active-site changes have been noted in other helicases as well (18, 34) , but, to our knowledge, RecQ presents the first example in which movement of motif II is key (Fig. S5) . This feature appears to arise from the juxtaposition of motif II and the ARL within RecQ enzymes. A similar motif II-ARL arrangement is present in the SF2 PriA DNA helicase (39) , indicating that the DNA-dependent changes observed in RecQ could apply to other DNA helicase families as well.
The data presented here also help define residues within RecQ that are critical for translocation on ssDNA. In a model for NS3, two conserved Thr residues contact the phosphate backbone to facilitate helicase translocation (33, (40) (41) (42) . These residues bind phosphates that are three bases apart in the absence of ATP, but when ATP binds, the gap is reduced to two bases (33, 40, 41) . Cycling between these states with alternating ssDNA binding at each site is thought to drive helicase translocation via an inchworm mechanism. Similar mechanisms have been proposed for SF1 helicases (20, 21, 43) . In EcRecQ and CsRecQ, Thr293 provides one of the equivalent Thr residues, whereas Arg125 replaces the second Thr. These residues bind DNA backbone phosphates that are separated by four bases in the CsRecQ/DNA structure, and each is required for helicase activity ( Fig. 3 and Table 1 ). Our structural and biochemical data are consistent with a mechanism in which ATP-dependent positioning of RecQ ssDNA-binding sites centered on Arg125 and Thr293 could act to coordinate translocation (Fig. 3D) . In this mechanism, ATPase-dependent conformational changes in the helicase domain would be coupled to an inchworm-style movement along ssDNA, analogous to the models proposed for translocation in many other SF1 and SF2 helicases (20, 21, 33, 44) . Additional mechanistic and structural studies of RecQ/DNA complexes bound to ATPase cycle nucleotide mimics will be required to dissect further the physical mechanisms of translocation.
Finally, our structure uncovered a possible explanation for how bacterial RecQ proteins can unwind DNA without the use of a wedge element. Structural and mutagenesis data have revealed differences between eukaryotic and bacterial RecQ unwinding in their reliance on a β-hairpin wedge within the WH domain. The β-hairpin in RecQ1, BLM, and WRN projects away from the WH to split DNA at the ss/dsDNA junction, and mutations in DNA-binding residues within the hairpin essentially eliminate DNA unwinding (11, 12, 22) . In contrast, the β-hairpin in the bacterial RecQ WH domain is much shorter, and, although the CsRecQ/DNA structure shows that it also associates with the DNA backbone (Fig. 2) , mutations that substitute or delete the β-hairpin residue that binds DNA (His489) have negligible effects on DNA unwinding (11, 22) . How bacterial RecQs unwind DNA in the absence of an apparent wedge element therefore was unknown.
CsRecQ/DNA complex formation induces an ∼90°bend in the DNA at the ss/ds junction, and this bend is sufficient to separate 2 bp of DNA in the absence of ATP (Figs. 1 and 2 ). This angle is larger than that in RecQ1, BLM, and other SF2 helicase/DNA complexes determined to date (20-60°) and instead is within the range observed in single-subunit SF1/DNA complexes (90-110°) (Fig. S8) (23) . In the case of SF1 enzymes PcrA and UvrD, the angle at the ss/dsDNA bend has been proposed to help drive DNA unwinding by allowing the enzyme to peel ssDNA away from the duplex, although these enzymes also use wedge elements to assist in DNA unwinding (20, 21) . We propose that CsRecQ and other bacterial RecQ enzymes that lack functional hairpin wedges have adapted to rely heavily on the DNA bend angle to facilitate DNA unwinding. In this model, the RecQ translocase activity would drive unwinding by peeling ssDNA away from the duplex (or other folded structures such as triplex or quadruplex) as it moves in a 3′-5′ direction. Further biophysical experiments will be required to test this model in RecQ and to assess the importance of nucleic acid bending in the unwinding mechanisms of other helicases. In sum, our structural and biochemical observations have provided key insights into the DNA-binding and -unwinding mechanisms of RecQ enzymes and help to define the physical basis for SF2 helicase function.
Materials and Methods
Detailed experimental procedures used in this study can be found in SI Materials and Methods. A summary of the experimental procedures follows.
Structural Studies. CsRecQ was crystallized in complex with hairpin DNA using the hanging-drop vapor diffusion method, and the structure was determined by molecular replacement with apo EcRecQ (10) as a search model. SAXS data were collected at the National Magnetic Resonance Facility at Madison, WI using a Bruker NanoStar instrument for CsRecQ catalytic core at two concentrations. Bacterial catalytic core crystal structures were docked manually into dummy atom models generated from the SAXS data, and the scattering of the resulting all-atom model was predicted.
Biochemical Experiments. Equilibrium DNA binding was measured as RecQdependent changes in fluorescence anisotropy of fluorescein-labeled DNA. ATPase activity was measured as previously described (14) , except a Synergy 2 plate reader (BioTek) was used to monitor changes in A 340nm over time. Helicase activity was tested using a fluorescence assay in which the fluorophore is placed opposite a quencher and unwinding is measured as an increase in fluorescence.
